1. Introduction {#sec1}
===============

Obesity has become a worldwide pandemic [@bib1]. Among multitude of factors contributing to obesity diet plays one of the key roles, however there is lack of reliable biomarkers to ascertain contribution from dietary factors [@bib2]. High-fat diet (HFD) mouse models have been a valuable tool to investigate pathogenic mechanisms and to evaluate prospective therapies. In particular, a number of studies using these models have focused on changes in metabolome and specific metabolic pathways affected in obesity \[[@bib3], [@bib4], [@bib5]\]. These efforts include a more recent focus on the changes in metabolites derived from gut microbiota \[[@bib3], [@bib4], [@bib6], [@bib7], [@bib8]\]. The studies revealed a broad spectrum of metabolic alterations associated with HFD-induced obesity. In particular, metabolites derived from dietary choline processing by bacteria in the gut appear to be affected in obesity. However, the findings have been controversial exhibiting either opposing trends or absence of changes associated with high-fat diet \[[@bib3], [@bib4], [@bib6], [@bib7], [@bib8]\]. Moreover, the relation of these metabolic changes to disease phenotype such as total body fat is not fully understood due, in part, to the short duration of the HFD regiments (\<15 weeks) and, as a result, relatively small increases in body weight \[[@bib3], [@bib4], [@bib6], [@bib7], [@bib8]\].

To address this knowledge gap, we set out to identify those biomarkers within complex metabolic perturbations in mouse model of HFD-induced obesity that specifically correlate with body fat. The experimental design included a prolonged duration of the HFD regimen (30 weeks), focus on urinary metabolome, a three-step statistical analysis for determining differences in metabolite levels between HFD and control groups and correlation of these levels with total body fat in individual mice. This approach allowed us to identify two products of dietary choline processing by gut microbiota, namely dimethylamine and trimethylamine, which demonstrated statistically significant results in all the analyses. We propose that these metabolites are prospective biomarkers that can follow the levels of body fat in HFD-induced obesity.

2. Materials and methods {#sec2}
========================

2.1. Animal studies {#sec2.1}
-------------------

All institutional and national guidelines for the care and use of laboratory animals were followed. All animal procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Mississippi Medical Center. Studies were performed on male C57BL/6J mice placed on a high-fat diet consisting of 60% of the calories coming from fats (Teklad custom diet \#06414, Envigo Teklad Diets, Madison, WI). Mice were fed the high-fat diet for 30 weeks beginning at 4 weeks of age (HFD group, n = 6). Control mice (n = 6) were fed a standard laboratory diet consisting 17% of calories derived from fat (Teklad 22/5 Rodent Diet, Envigo Teklad Diets, Madison, WI). At the end of experiment, urine samples were collected using individual metabolic cages. Urine samples were stored at −80 °C until analysis.

2.2. Determination of total body fat and other physiological parameters {#sec2.2}
-----------------------------------------------------------------------

Mice were euthanized after 30 weeks from the start of the experiment and their body lengths and weights were recorded. Animal hearts, kidneys and livers were removed and weighted using analytical balances. Similarly, epydidymal, visceral and total fat pads were removed and weighted in both control and HFD mice.

2.3. NMR experiments {#sec2.3}
--------------------

NMR spectra were acquired using a 14.0 T Bruker magnet equipped with a Bruker AV-III console operating at 600.13 MHz. All spectra were acquired in 3-mm NMR tubes using a Bruker 5-mm TCI cryogenically cooled NMR probe operating at 298 K. Samples were prepared as 200 μL solutions that included 100 μL of urine, 41 μL of combination of 70 mM sodium phosphate buffer, TSP, and NaN~3~, and 59 μL of 90%--10% H~2~O/D~2~O which served as the ^2^H lock solvent. TSP (3-(trimethylsilyl)propionic-2,2,3,3-d4 acid) in the buffer solution served as the zero ppm chemical shift reference.

For 1D ^1^H NMR, experiments were performed using a one-dimensional nuclear Overhauser (1D-NOE) pulse sequence with presaturation solvent suppression to suppress the signal associated with water. The 1D-NOE experiment filters NMR signals associated with broad line widths such as those arising from proteins that might be present in urine samples and adversely affect spectral quality. Experimental conditions included: 32K data points, 13 ppm sweep width, a recycle delay of 3 seconds, a mixing time of 150 ms and 32 scans.

2.4. NMR data analysis {#sec2.4}
----------------------

Principal component analysis (PCA) was performed using the AMIX program (Bruker Biospin Corp., Billerica MA). This method requires NMR data to be distributed in chemical shift bins (0.01 ppm width) while eliminating the area associated with the water solvent suppression (4.6--5.1 ppm) and glucose (3.2--3.58, 3.62--4.108 and 5.22--5.276 ppm). Buckets with less than 5% variance were omitted prior to PCA. PCA reduces the dimensionality of the data and summarizes the similarities and differences between multiple NMR spectra using scores plots. Buckets that corresponded to statistically significant P scores were compared to ppm values of the peaks that were identified from 1D & 2D NMR assignments. Candidate metabolites were quantified by measuring the sum of the areas under all the characteristic resonance peaks corresponding to a given metabolite.

2.5. Identification of metabolites {#sec2.5}
----------------------------------

Metabolites were identified by comparison of acquired spectra with standard spectra using the Chenomx Profiler program (Fig. S1). Metabolite identities were further confirmed using two dimensional ^1^H-^1^H COSY and ^1^H-^13^C HQSC (see Fig. S2 and Table S2 for spectral assignments of selected metabolites and Table S3 for their PubChem IDs and identification levels). For 2D ^1^H-^1^H COSY, experimental conditions included 2048 × 512 data matrix, 13 ppm sweep width, recycle delay of 1.5 seconds and 8 scans per increment. The data were processed using squared sinebell window function, symmetrized, and displayed in magnitude mode. Multiplicity-edited HSQC experiments were acquired using a 1024 × 256 data matrix, a J(C-H) value of 145 Hz, which resulted in a multiplicity selection delay of 34 ms, a recycle delay of 1.5 seconds and 32 scans per increment along with GARP decoupling on ^13^C during the acquisition time (150 ms). The data were processed using a π/2 shifted squared sine window function and displayed with CH/CH~3~ signals phased positive and CH~2~ signals phased negative.

2.6. Statistical analyses {#sec2.6}
-------------------------

The primary statistical analysis of the NMR data was performed as previously described \[[@bib9], [@bib10]\]. The P scores were calculated and automatically divided into four groups by AMIX software based on significance level. These groups were color coded within PCA loadings plots according to P score values, thus generating a heat map representation of the data. The variability within each experimental group was expressed as means ± SEM. The secondary statistical analysis was performed using one-way ANOVA followed by post-hoc Tukey test. Statistical significance was determined after taking into account Bonferroni correction for multiple comparisons. Finally, Pearson correlation analysis of metabolite levels with total body fat was performed using SigmaStat 4.0.

3. Results and discussion {#sec3}
=========================

Compared to controls, HFD mice exhibited significant increase in body weight, body fat, and weight of major organs after 30 weeks, consistent with obesity ([Table 1](#tbl1){ref-type="table"}). Small molecule metabolites were analyzed in mouse urine using ^1^H NMR spectroscopy. Principal component analysis (PCA) of the NMR spectra revealed a clear separation of the data points into NFD (control) and HFD clusters ([Fig. 1](#fig1){ref-type="fig"}). Because there was an HFD-induced increase in the intensity of NMR peaks corresponding to glucose, these specific proton NMR signals were removed from the spectra before the analysis.Table 1**Body weights, organ weights and fat deposits in control and HFD mice.** The data are presented as mean ± SEM. Asterisks indicate significant differences in HFD vs. control; \**P* \< 0.05 and \*\**P* \< 0.01; n = 6.Table 1ParameterControl miceHFD miceBody weight, g28.5 ± 1.151.6 ± 1.0\*\*Body length, cm9.8 ± 0.210.3 ± 0.2\*\*Heart weight, mg151.2 ± 6.7176.5 ± 6.4\*\*Kidney weight, mg323.2 ± 15.1355.2 ± 21.0\*Liver weight, g1.2 ± 0.12.2 ± 0.2\*\*Epydidymal fat, g0.52 ± 0.102.16 ± 0.39\*\*Visceral fat, g0.70 ± 0.082.52 ± 0.38\*\*Total fat, g1.21 ± 0.174.68 ± 0.72\*\*Fig. 1Principle component analysis (PCA) of the ^1^H NMR data from control and HFD mice. PCA scores are plotted for control (black circles) and HFD (red triangles) groups.Fig. 1

The spectral features that contributed to the observed data clustering were identified by dividing the NMR spectra into 0.01 ppm intervals (buckets) and analyzing signal intensities in each bucket using AMIX software. The P score analysis identified multiple buckets with significant differences between control and HFD samples ([Fig. 2](#fig2){ref-type="fig"}). Importantly, this unbiased analysis of the spectral differences was performed before the identities of specific metabolites were determined. This allowed for identification of only those urinary metabolites, whose levels significantly changed in HFD compared to control urine samples. The analysis identified 23 candidate metabolites shown in Table S1. Additional statistical analysis of integrated peak areas including Bonferroni correction for multiple comparisons demonstrated that out of these 23 candidate metabolites, only eleven have shown significant changes, i.e. all were significantly decreased in HFD vs. control urine ([Table 2](#tbl2){ref-type="table"} and [Fig. 3](#fig3){ref-type="fig"}, metabolites indicated by numbers 1 through 11). Manual analyses of ^1^H NMR spectra using Chenomx Profiler program did not find any additional metabolites with significant changes in urinary levels, thus confirming the results. Interestingly, the levels of only two metabolites, i.e. dimethylamine (DMA) and trimethylamine (TMA), significantly correlated with total body fat ([Table 3](#tbl3){ref-type="table"}, top two entries). Thus, urinary levels of these two metabolites, were significantly decreased in HFD vs. control ([Table 2](#tbl2){ref-type="table"}) and showed the strongest reverse correlation with total body fat in HFD mice but not in control mice ([Table 3](#tbl3){ref-type="table"}). Urinary levels of a third metabolite, *trans*-aconitate, have also shown a strong reverse correlation with total body fat but have not reached statistical significance ([Table 3](#tbl3){ref-type="table"}).Fig. 2Loadings plot for ^1^H NMR data from control and HFD mice. (A) Heat maps are color-coded according to bucket *P* score values as described under Materials and Methods: P \< 8.3 × 10^−5^ (red), 8.3 × 10^−5^ \< P \< 1.6 × 10^−4^ (purple), 1.6 × 10^−4^ \< P \< 2.5 × 10^--4^ (green), 2.5 × 10^--4^ \< P \< 3.2 × 10^−3^ (blue), and P \> 3.2 × 10^−3^ (black). The numbers indicate ppm values of the selected NMR peaks with P \< 3 × 10^−3^ for which metabolite assignments have been made. (B) Zoomed-in areas from the loadings plot in panel A.Fig. 2Table 2**Relative levels of urinary metabolites with significant differences between control and HFD mice.** Data presented as relative metabolite concentrations in urine after 30 weeks of HFD (mean ± SEM). Relative metabolite levels represent integrated peak areas normalized to urinary creatinine and using TSP as a standard. *P* values based on comparison of control vs. HFD groups (n = 6); Bonferroni-adjusted *P* value cut-off was 2.2 × 10^−3^ to adjust for multiple comparisons of initial 23 candidate metabolites identified after primary statistical analysis (see Fig. S1).Table 2Metabolite^1^H NMR peak position (*ppm*)Relative level in control urineRelative level in HFD urine*P* value (HFD vs. control)Dimethylamine2.70.705 ± 0.0180.345 ± 0.0168.10E-04Trimethylamine2.95.28 ± 0.2391.47 ± 0.0511.30E-04*trans*-Aconitate6.60.116 ± 0.0020.042 ± 0.0041.20E-04Alanine1.5, 3.81.105 ± 0.0330.512 ± 0.0151.02E-05Creatine3.0, 3.92.60 ± 0.0660.98 ± 0.0473.38E-05Trigonelline4.4, 8.1, 8.8, 9.10.547 ± 0.0250.213 ± 0.0136.60E-04*cis*-Aconitate3.10.407 ± 0.0170.171 ± 0.0127.10E-04*2*-Hydroxyglutarate1.8, 2.0, 2.2, 4.07.82 ± 0.1845.10 ± 0.1499.10E-04Succinate2.41.02 ± 0.0390.23 ± 0.0264.19E-05Acetate1.93.13 ± 0.2190.79 ± 0.0567.10E-04Benzoate7.5, 7.6, 7.90.449 ± 0.0190.076 ± 0.0079.49E-06Fig. 3Representative 600 MHz ^1^H NMR spectra of urine samples collected from control (A) and HFD (B) mice. Shown are identified metabolites with significantly different levels in HFD vs. control groups: 1: acetate, 2: succinate, 3: creatine, 4: benzoate, 5: alanine, 6: dimethylamine, 7: *trans*-aconitate, 8: trigonelline, 9: trimethylamine, 10: 2-hydroxygluterate, and 11: *cis*-aconitate. Other selected metabolites found in the urine that passed primary but not secondary statistical tests: 12: choline, 13: citrate, 14: formate, 15: 3-hydroxyisovalerate, 16: lactate, 17: 2-oxovalerate, 18: propanoate, 19: sarcosine.Fig. 3Table 3**Pearson correlation analysis of total body fat vs. levels of urinary metabolites in HFD and control mice**. Pearson correlation coefficient was determined for eleven urinary metabolites with significantly different levels in HFD vs. control mice. Asterisk indicates significant correlation; \**P* \< 0.05 (n = 6).Table 3MetaboliteHFD groupControl groupPathwayPearson correlation coefficient*P* valuePearson correlation coefficient*P* valueDimethylamine−0.8780.0214\*0.3250.529*Choline degradation by gut microbiota*Trimethylamine−0.8860.0188\*0.2760.597Trigonelline−0.2420.6440.09920.852*Nicotinamide metabolism*Alanine−0.7020.120−0.3110.549*Amino acid metabolism*Creatine0.6750.142−0.4690.348*trans*-Aconitate−0.7750.07020.3750.464*TCA cyclecis*-Aconitate0.06160.9080.2360.652*2*-Hydroxyglutarate0.5030.310−0.2960.570Succinate0.2990.564−0.3060.556Acetate−0.2380.650−0.6710.145Benzoate0.02640.960−0.2920.575*Aromatic amino acid degradation by gut microbiota*

Potential change in renal function (nephropathy) reported in HFD-induced obese animals \[[@bib11], [@bib12]\], is unlikely to affect the results since other small molecule urinary metabolites showed no significant correlation with body fat ([Table 3](#tbl3){ref-type="table"}). In addition, the potential effect of variations in urine volume was excluded by normalizing metabolite levels to the corresponding urinary creatinine concentration in each individual animal. The HFD mice also exhibited increases in fasting blood glucose and as a result increases in glucose excreted in urine. To prevent the interference of glucose peaks with data analysis, glucose spectral signals were specifically removed in both control and HFD samples. Thus, the observed decrease in urinary levels of DMA and TMA indeed reflects metabolic changes related to HFD that follow body fat deposits.

There is a growing body of evidence that the metabolites produced by gut microbiota are important modulators of host physiology [@bib13]. Moreover, factors such as diet have significant impact on gut microbiome, thus introducing additional complexity into host-microbiome relationship \[[@bib14], [@bib15]\]. Of special interest is metabolism by gut microbiota of dietary choline that has been shown to promote fat accumulation in model obesity \[[@bib16], [@bib17]\]. This microbial pathway specifically produces precursors DMA and TMA that are converted by the host liver to trimethylamine oxide (TMAO), a compound implicated in pathogenesis of obesity [@bib18]. Recently, there have been several reports connecting HFD-induced obesity with TMAO, DMA and TMA in animal models. The results are controversial with studies showing an increase \[[@bib4], [@bib7]\], a decrease \[[@bib3], [@bib6]\], or no difference [@bib8] in the levels of these metabolites in HFD models vs. controls. The reason for these discrepancies is unclear and may have to do with relatively short duration of HFD regimens in these studies. In the present long HFD duration study, we have found that two specific metabolites, DMA and TMA, which are products of choline processing by gut microbiota \[[@bib4], [@bib14], [@bib15]\] show significantly lower urinary levels in HFD-induced obesity and a strong negative correlations with total body fat in HFD mice. These two metabolites may be prospective biomarkers indicative of body fat accumulation in obesity.

Declarations {#sec4}
============

Author contribution statement {#sec4.1}
-----------------------------

Donald F Stec: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data; Contributed reagents, materials, analysis tools or data; Wrote the paper.

Calisa Henry: Performed the experiments; Analyzed and interpreted the data.

David E Stec: Conceived and designed the experiments; Performed the experiments; Contributed reagents, materials, analysis tools or data.

Paul Voziyan: Conceived and designed the experiments; Performed the experiments; Analyzed and interpreted the data; Wrote the paper.

Funding statement {#sec4.2}
-----------------

This work was supported by grants R01DK65138 (P.V.) and R25DK096999 from the National Institutes of Health; grant P20GM-104357-02 from the National Institute of General Medical Sciences (D.E.S.); and grant S10RR019022 from the National Institutes of Health for funding the purchase of the 600 MHz NMR spectrometer used in this study. Ms. Calisa Henry was supported by the AspirnautTM program from the Center for Matrix Biology at Vanderbilt University Medical Center.

Competing interest statement {#sec4.3}
----------------------------

The authors declare no conflict of interest.

Additional information {#sec4.4}
----------------------

No additional information is available for this paper.

Appendix A. Supplementary data {#appsec1}
==============================

The following is the supplementary data to this article:Supplemental MaterialsSupplemental Materials

[^1]: Current address: Berea College, 209 Chestnut St, Berea, KY 40403, United States.
